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Axion helioscopes search for solar axions and axion-like particles via inverse Primakoff conver-
sion in strong laboratory magnets pointed at the Sun. Anticipating the detection of solar axions, we
determine the potential for the planned next-generation helioscope, the International Axion Obser-
vatory (IAXO), to measure or constrain the solar magnetic field. To do this we consider a previously
neglected component of the solar axion flux at sub-keV energies arising from the conversion of lon-
gitudinal plasmons. This flux is sensitively dependent to the magnetic field profile of the Sun, with
lower energies corresponding to axions converting into photons at larger solar radii. If the detec-
tor technology eventually installed in IAXO has an energy resolution better than 200 eV, then solar
axions could become an even more powerful messenger than neutrinos of the magnetic field in the
core of the Sun. For energy resolutions better than 10 eV, IAXO could access the inner 70% of the Sun
and begin to constrain the field at the tachocline: the boundary between the radiative and convective
zones. The longitudinal plasmon flux from a toroidal magnetic field also has an additional 2% geo-
metric modulation effect which could be used to measure the angular dependence of the magnetic
field.
I. INTRODUCTION
Axions [1–5] and axion-like particles [6] (hereafter
referred to as axions) are light pseudoscalars with ex-
tremely weak couplings to Standard Model fields. Al-
though by construction axions are difficult to observe,
they are expected to possess an experimentally ad-
vantageous coupling to the photon, gaγ. In the ab-
sence of any accidental cancellations, this coupling is
a generic feature of the most well-known and well-
motivated models known as ‘QCD axions’ [7], which
are involved in the solution of Peccei and Quinn to the
strong CP problem [1, 2]. This coupling is the most
widely-studied as it facilitates axion-photon conversion
inside magnetic fields [8–10].
Experimental searches for axions via their photon
coupling fall broadly into three categories: light-shining-
through-wall experiments, which search for axions con-
verting to and from photons either side of an opaque
barrier [11–15]; haloscopes, which search for the cold
population of axions that could constitute the dark mat-
ter halo of the Milky Way [16–32]; and helioscopes, the
subject of this work, which search for the thermal flux
of axions expected to be emitted by the Sun [33–42]. See
Ref. [43] for a recent overview of experimental searches.
A helioscope consists of a long magnet bore pointed
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at the Sun, with the field aligned in the transverse di-
rection. When the flux of ∼keV solar axions passes
through this applied field, a small number will convert
into UV–x-ray photons. The expected number of sig-
nal photon events is given by a convolution of the so-
lar axion flux with the axion-photon conversion prob-
ability which is maximized for long, strong, and uni-
form magnetic fields. The CERN Axion Solar Telescope
(CAST) [36–42] ran from 2003–2017 with a field of up
to 9.5 T and a length of 9.26 m. It set a final constraint
of gaγ > 6.6 × 10−11 GeV−1 [42], the strongest limit
to date for the majority of the axion mass range be-
low ma ∼ 10 meV. The next generation helioscope, the
International Axion Observatory (IAXO) [44, 45], aims
to have sensitivity to couplings more than an order of
magnitude below CAST: well into the territory of QCD
axion models between ma ∼ 10−3–1 eV.
There are substantial prospects for IAXO to discover
the QCD axion or one of the multiplicity of proposed
axion-like particles [6, 46–51], as well as to resolve
numerous model dependence issues relating to said
models if the axion is detected first elsewhere (see
e.g. Ref. [52]). Here we instead consider the poten-
tial for IAXO to perform highly novel post-discovery
solar physics by constraining the magnetic field of the
Sun. The prospects were brought to light recently in
Ref. [53] which calculated a previously ignored compo-
nent of the solar axion flux due to the conversion of
longitudinal plasmons — a flux that is critically depen-
dent on the Sun’s magnetic field profile. The poten-
tial for post-discovery physics and astrophysics with
axions has been discussed previously [54–58]. In the
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FIG. 1. Sensitivity of IAXO to the solar magnetic field profile. The red bands indicate our range of magnetic field models
described in Sec. III, whereas the blue-green coloured region shows the minimum value of gaγ required to reach a particular
value of B(r). We bound the region between a maximum value given by the value of gaγ already excluded by CAST: gCAST =
6.6 × 10−11 GeV−1 (i.e. IAXO cannot probe the field if it requires a coupling larger than what is already excluded) and a
minimum value given by the projected sensitivity of a 2 year IAXO exposure: gIAXO = 4.5× 10−12 GeV−1 (i.e. IAXO cannot
probe the field for couplings smaller than its sensitivity). So for example, in 2 years IAXO can probe our range of models for
radii r . 0.5R. As a dashed line we show the improvement in sensitivity if we assume a 10 year exposure with the upgraded
configuration IAXO+. Since accessing the field at larger radii requires sensitivity to smaller photon energies, we also show on
the upper horizontal axis the maximum required energy resolution as function of r.
event of discovery1, axions — together with neutrinos
— could establish a powerful multimessenger astropar-
ticle probe of the invisible interior of our Sun.
Summary of the main results
The flux of axions from longitudinal plasmon con-
version is present only at energies corresponding to the
range of plasma frequencies inside the Sun: . 300 eV.
This means that the prospects for IAXO as a solar mag-
netometer will be determined by how good the energy
resolution of its detector technology is. This has not
yet been decided by the collaboration, but there are
many promising options with excellent resolutions: cer-
tainly down below 300 eV [64, 65], and perhaps even
as low as 2 eV [66]. We present a summary plot in
Fig. 1 which shows the magnetic field profile of the
Sun B(r) (bounded over a reasonable range of strengths
1 Recently an excess of low energy electronic recoils was reported
by the XENON1T collaboration [59] with a spectrum consistent
with solar axions. Although we caution that the axion couplings
required to fit the signal are ruled out by several astrophysical
bounds on stellar cooling [60–62] and SN1987A [63]
which we will discuss), and IAXO’s projected sensitiv-
ity to it as a function of energy resolution Eres. This
plot demonstrates that even for modest energy resolu-
tions, IAXO is readily sensitive to a wide range of well-
motivated magnetic field strengths in the inner 50% of
the Sun. Probing up to 0.5 R would require energy
resolutions better than ∼30 eV, which is already con-
siderably larger than the demonstrated ∼ 2 eV resolu-
tions of metallic magnetic calorimeters for instance [66].
Interestingly, we also find that solar axions could eas-
ily constrain the magnetic field of the solar core to
smaller values than is currently possible with the tem-
perature dependence of the 8B neutrino flux. We also
see that for large axion couplings the upgraded config-
uration, “IAXO+”, would be able to begin to probe the
tachocline — the sharp, and poorly understood bound-
ary at ∼ 0.7R between the radiative and convective
zones. The sensitivity shown in Fig. 1 applies consis-
tently to all axion masses below approximately 10−3 eV.
For higher masses IAXO is less sensitive. This impor-
tant detail is explored in greater depth in the rest of the
paper.
In Sec. II we review the calculation of the two princi-
pal fluxes of solar axion relevant for the coupling gaγ:
Primakoff and longitudinal plasmon conversion. Then
in Sec. III we review the status of our understanding
of the solar magnetic field so that we can place a win-
3dow on potential models. In Sec. IV we overview the
formalism for calculating the signal in a helioscope and
summarize the experimental parameters envisaged for
IAXO. Then in Sec. V we briefly describe our statistical
approach before presenting our results in Sec. VI.
The results presented in this work are reproducible
via publicly available python notebooks2.
II. SOLAR AXIONS
If an axion exists then the Sun may be a power-
ful factory for them, generating them in its interior
through several different processes. Via the coupling
to the photon, gaγ, the most widely considered process
is Primakoff conversion: photons converting into ax-
ions in the electromagnetic fields of the electrons and
ions making up the solar plasma. This flux is dominant
in hadronic QCD axion models like the KSVZ [67, 68],
but is a major component of the flux for DFSZ mod-
els as well [69, 70].3 Here we extend the set of solar
axion fluxes to include the flux from the conversion of
longitudinal plasmons.
To calculate any flux of solar axions one must as-
sume a solar model. Following previous work on
this [53], and related subjects [71, 72], we use the Saclay
model [73, 74] which provides4 the temperature T(r),
and electronic and ionic densities, ne(r) and ni(r), as a
function of radial position, r, in the solar interior.
A. Primakoff flux
For the axion flux from Primakoff processes we will
not use the commonly adopted empirical formula,
but instead make a slightly refined calculation, as in
Refs. [53, 75], which accounts for the nonzero plasma
frequency, ωp(r). This only affects the flux for axion en-
ergies below ω . 300 eV so is a small correction to the
final signal — but is a necessary refinement when also
considering the flux from longitudinal plasmon conver-
sion also present at these energies. The rate of Pri-
makoff conversion to axions with frequency ω is writ-
ten as [75],
Γγ→a(ω, r) =
g2aγk2s T
64pi
∫ 1
−1
d cos θ
sin2 θ
(x− cos θ)(y− cos θ) ,
(1)
2 https://github.com/cajohare/solax
3 Non-hadronic models also possess a tree-level coupling to elec-
trons, so in these cases the axion flux has a large contribution
from “ABC” processes: atomic recombination and deexcitation,
bremsstrahlung, and Compton scattering [71]. For this work we
will only be interested in gaγ so do not consider this flux.
4 At this http url.
where,
x(r) =
(
k2a + k
2
γ(r)
)
/2kakγ(r) , (2)
y(r) = x(r) + k2s (r)/2kakγ(r) .
For ultrarelativistic axions we can assume the disper-
sion relation ka ≈ ω. The screening scale ks(r) is given
by the Debye-Hu¨ckel formula which sums over elec-
trons (e) and ions (i) with atomic numbers Zi,
k2s(r) =
4piα
T(r)
(
ne(r) +∑
i
ni(r)Z2i
)
. (3)
The fine structure constant is given by α. The dispersion
relation for the transverse plasmons involved in this
process is written: kγ(r) = ω2 − ω2p(r), where ωp(r)
is the plasma frequency,
ω2p =
4piαne
me
. (4)
This imposes a restriction on the range of possible axion
energies generated by Primakoff processes: ω > ωp(r).
Therefore the refinement of allowing ωp 6= 0 only leads
to a suppression of the flux relative to the simplified
calculation.
We then integrate the conversion rate Γγ→a(ω, r) over
the Sun to calculate the flux of axions arriving at Earth
with energy ω,
dΦP
dω
=
1
(1 AU)2
∫ R
0
r2dr
ω2
pi2
Γγ→a(ω, r)
eω/T(r) − 1 . (5)
This flux is shown as a blue line on Fig. 2 as-
suming gaγ = 5 × 10−11 GeV−1. It is dominant for
ω & ωp(r = 0) ≈ 0.3 keV.
B. Plasmon conversion flux
The next source of axions, and the one which is our
primary concern here, is the flux from the conversion of
longitudinal plasmons (LPlasmons) sourced by the so-
lar magnetic field B(r). The conversion of LPlasmons to
new particles in the presence of strong magnetic fields
has been considered in the past for a variety of models
and environments, see e.g. Refs. [77–80]. The calcula-
tion was most recently revised for the LPlasmon-axion
conversion in the Sun in Ref. [53] using thermal field
theory. We summarize quickly the calculation here be-
fore discussing the solar magnetic field, which is the
primary source of uncertainty — and what we would
like to determine with IAXO.
The rate of LPlasmon-axion conversion is obtained
by relating the axion self-energy in the presence of a
magnetic field (proportional to g2aγ) to the correspond-
ing photon damping rate of transverse and longitudinal
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FIG. 2. Flux of axions arriving at Earth originating from
the two process we study here: the Primakoff effect (blue)
and the conversion of longitudinal plasmons (red). For both
fluxes we use the plasma frequency profile ωp(r) calculated
under the Saclay standard solar model, and for the LPlasmon
flux we assume the seismic solar magnetic field profile from
Ref. [76] but with varying normalizations. The solar radius
from which the LPlasmon flux originates can be obtained by
inverting ω = ωp(r), we show this scale with an auxiliary
horizontal axis in red.
quanta ΓT,L [71, 81]. From the pioneering work of Wel-
don [82] we know in general that the emission rate of a
boson by a thermal medium is related to the self-energy
of the particle in the medium, Π, via [82, 83],
Γ = − ImΠ
ω(eω/T − 1) . (6)
The self-energy we are interested in here is the longi-
tudinal part of the axion’s: ImΠa,L. This is dependent
on the component of the magnetic field parallel to the
axion momentum, B‖ = kˆ · B, and reads:
ImΠa,L = m2ag
2
aγB
2
‖ Im
(
ZL
ω2 −ω2p − iZLImΠγ,L
)
, (7)
where we have introduced the vertex renormaliza-
tion constant ZL = ω2/(ω2 − k2) and the equilibrium
LPlasmon self-energy ImΠγ,L = −Z−1L ωΓL. The four-
momentum of the external axion is packaged as (ω, k).
Plugging these into the emission rate formula Eq.(6), we
find the rate of axions produced from LPlasmons [53,
77]:
ΓLP→a(ω) =
g2aγB2‖
eω/T − 1
ω2ΓL(
ω2 −ω2p
)2
+ (ωΓL)
2
. (8)
This formula exhibits a resonance at the plasma fre-
quency ωp. Approximating the resonance with a delta
function, δ(ω − ωp)5, we can then integrate over phase
space and over the Sun to get the luminosity in axions,
LLP→a =
∫

d3r
∫ d3k
(2pi)3
ω
g2aγB2‖
(eω/T − 1)
pi
2
δ
(
ω−ωp
)
.
(9)
If, for now, we assume spherical symmetry for the
magnetic field B‖(r) = B(r), the flux at Earth at a dis-
tance of r⊕ ≈ 1 AU away from the Sun is obtained as,
dΦLP
dω
=
1
4pir2⊕
∫

d3r
ω2
(2pi)3
g2aγB2(r)
eω/T(r) − 1
2pi2
3
δ
(
ω−ωp(r)
)
=
1
12pir2⊕
∫ R
0
dr r2
ω2g2aγB(r)2
eω/T(r) − 1 δ
(
ω−ωp(r)
)
=
1
12pir2⊕
r20
ω2g2aγB2 (r0)
eω/T(r0) − 1
1∣∣∣ω′p (r0)∣∣∣ . (10)
where in the final step r0 is given by inverting
ω = ωp(r0), and ω′p(r) = dωp(r)/dr.
Thus we see that — thanks to the resonance — axions
with a particular energy originate from a particular so-
lar shell. This fact is precisely why we anticipate that
axions could be a valuable probe of the solar magnetic
field. In effect, a measurement of the axion flux at to
decreasing energies can be recast as a measurement of
the solar magnetic field at increasing radii. We discuss
the details of the solar magnetic field in the next sec-
tion but for now we show an example of the LPlasmon-
axion flux in Fig. 2 (red) along with the Primakoff flux
(blue). For this particular example of a motivated solar
magnetic field profile, we can see that for certain energy
ranges below 0.3 keV the LPlasmon flux dominates,
even for the most conservative field normalizations. For
context in this range we also indicate parallel to fre-
quency, the value of the radius from which the LPlas-
mon originates, i.e. the value that satisfies ω = ωp(r).
III. SOLAR MAGNETIC FIELD
A. Solar models
All the necessary ingredients to compute the solar
axion flux are given in a standard solar model (SSM), a
simplified description of the Sun [84–86]. To build an
SSM, one usually assumes spherical symmetry and hy-
drostatic equilibrium. Any dynamical effects, rotation,
5 We have checked that the out-of-resonance production of axions is
negligible. This is expected in the narrow-width approximation for
the plasmon in which the real part of the polarization function is
much larger than the imaginary part.
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or magnetic fields are neglected. Energy is transported
by radiation (i.e. photons), and in the outer 30% (by ra-
dius) by convection as well. The former is described
using theoretical opacity calculations like OPAL [87] or
OP [88], whereas the latter is treated phenomenologi-
cally through a mixing length parameter. The Sun is
evolved from a homogeneous zero-age model defined
by a set of adjustable parameters which are chosen to
match the present-day age, luminosity, size, and surface
metal to hydrogen ratio.
All of the solar model properties of the Sun are
known with great accuracy, with the exception of its
chemical composition. There are a variety of empirical
methods of determining the Sun’s chemistry, from the
infrared-optical spectrum of the photosphere, the x-ray
spectrum of the corona, as well as the abundances of
CI chondritic meteorites [89]. Furthermore, with helio-
seismology — the study of acoustic sound wave prop-
agation inside the Sun — we can determine the sound-
speed profile, the depth of the convective zone, as well
as the surface helium abundance.
In the past, theoretical determinations of solar abun-
dances, like the well-known “GS98” calculation [90]
found surprisingly good agreement with helioseismol-
ogy despite many simplifying assumptions. More mod-
ern composition calculations on the other hand, for ex-
ample the “AGSS09”, while more sophisticated in con-
struction, ultimately found abundances that were in
substantial tension with observed data [91–94]. This
issue has not yet been resolved, and is known as “so-
lar abundance problem” [95]. The current status of the
problem is summarized in Ref. [96].
Nevertheless, the temperature and plasma frequency
profiles of the Sun predicted by different solar models
are consistent to a good degree. We therefore choose
to use the reference seismic Saclay model [74, 76],6 as
it is the most complete publicly available model con-
cerning the external layers. Uncertainty in the plasma
frequency and the temperature stemming from the SSM
abundance problem is less than a few percent [95]. So
for fluxes dependent on these parameters, this propa-
gates to an uncertainty of less than 10% [72]. Therefore
we can safely focus on the solar magnetic field uncer-
tainty, which will almost certainly be larger.
6 Sometimes, the expression “seismic model” is also used for mod-
els in which one takes the sound speed-profile and the density as
an input, computes the pressure assuming hydrostatic equilibrium,
and finally derives the temperature and the helium abundance with
some additional input physics. On the other hand, the model built
in Ref. [76] is based on standard 1D stellar evolution codes to com-
pute a model in agreement with seismic observation.
6B. The magnetic field
While SSMs are quasi-static simplifications of a star,
they can be augmented to include dynamical effects and
information about the magnetic field. In fact this can be
important as magnetic pressure will affect the sound-
speed, the density as well as neutrino fluxes [76].
The magnetic field of the Sun is most important
in three separate regions: the central radiative zone
(r . 0.7R); the boundary between the radiative and
convective zones known as the tachocline (r ∼ 0.7R);
and the upper layers (r & 0.9).
The most easily detectable LPlasmon flux will be
from the central radiative zone, in which the central
magnetic field may be extremely high. The topology
of this field is likely to be mostly toroidal, however it
has been shown that a purely toroidal field would be
subject to instabilities [97, 98]. A poloidal component
would act to stabilize the field [99–101], however if this
component were too large it would penetrate the con-
vective zone and cause a large unobserved asymmetry
between the two halves of the magnetic cycle. This ar-
gument implies a strong bound of . 102–103 G on the
poloidal part of the radiative zone’s magnetic field, but
not on the toroidal part. Both toroidal and poloidal
components would have originated from a small seed
poloidal field present in the pre-main sequence phase
of the Sun’s evolution [102].
In the Saclay model, the magnetic field is assumed to
be purely toroidal [76],
B(r) = B(r)
d
dθ
Pk(cos θ) eˆφ (11)
in heliocentric spherical coordinates (r, θ, φ), where
Pk(cos θ) are Legendre polynomials and eˆφ a unit vec-
tor pointing in the azimuthal direction. We assume
a quadrupolar field, i.e. k = 2, in accordance with
surface-magnetism observations [73, 103]. In Ref. [53]
the Legendre polynomial was neglected, reducing the
flux by a factor of 1.2. The radial profile is given by,
B(r) =

Brad(1+ λ)(1+ 1λ )
λ
(
r
rrad
)2 [
1−
(
r
rrad
)2]λ
for r < rrad , λ ≡ 10 rrad + 1
Btach
[
1−
(
r−rtach
dtach
)2]
for |r− rtach| < dtach
Bouter
[
1−
(
r−rupper
dupper
)2]
for |r− rupper| < dupper
0 for r > R .
(12)
The three regions describe the radiative, tachocline
and outer regions of the Sun. For the radiative zone we
use rrad = 0.712R; the tachocline is centered on rtach =
0.712R and has half-width thickness dtach = 0.035R;
finally, the upper layers are centered on rupper = 0.96R
with dupper = 0.035R. These three regions can be
identified from left to right in Fig. 3. For context we also
indicate the scales of ωp and T for the corresponding
solar radius, r. Since the LPlasmon flux as a function of
energy traces the radial profile of the magnetic field via
ωp(r), the three distinct regions are also visible in the
flux, as was shown in Fig. 2.
The normalizations of the magnetic fields
(Brad, Btach, Bupper) present the greatest uncertainty.
One can consider, for example, the benchmark values
of Ref. [76] in which the authors vary the magnetic
field strengths over the ranges: Brad = 1–5 × 107 G;
Btach = 3–5× 105 G and Bupper = 2–3× 104 G. How-
ever, other studies indicate that this range for Brad
is too high. For example, Ref. [102] claim a tighter
bound on the magnetic field in the radiative zone using
measurements of the solar oblateness:
Brad . 7× 106 G . (13)
The tachocline is the name given to the transition
layer between the radiative and convective zones. In the
radiative zone the rotation rate is uniform whereas the
convective zone has differential rotation. The range of
field strengths of the tachocline 3–5× 105 G is in reason-
able agreement with helioseismology [103–107]. These
studies are a mixture of both upper bounds [103, 104]
and fits which are improved by the presence of a mag-
netic field [105, 106].
A different approach is to simulate the struc-
tural changes to the Sun associated with a magnetic
field [108]. Structurally, the tachocline ought to be
a wide boundary because of radiative spreading, also
known as differential rotation burrowing [109, 110].
Surprisingly though the tachocline is observed to be
rather narrow. A potential explanation for this found
by Ref. [108] is if the magnetic field’s Lorentz force acts
to suppress the differential rotation. However this ex-
planation invokes a slightly lower value for the field
than the aforementioned values, at Btach ∼ 5× 104 G.
So we will use this value instead for our lower bound
in the tachocline.
Finally, for the upper layers we merely remark here
that this flux is likely to be unobservable for the fore-
7seeable future. Not only would this require energy res-
olutions at the ∼ 1 eV level, the overall flux itself is ex-
tremely weak. We will present results on this region for
completeness, but do not consider field strengths larger
than the Bouter = 4× 104 G of the seismic model.
So to summarize, we will bound a window of rea-
sonable field normalizations. Based on the discussion
above, we choose
Brad ∈ [2, 30]× 106 G ,
Btach ∈ [4, 50]× 104 G , (14)
Bupper ∈ [3, 4]× 104 G .
In Fig. 3 the solar magnetic field profile for the seismic
model is shown bounded over these ranges. We em-
phasize that while the magnetic field of the Sun is cer-
tainly nonzero, the lower bounds we have chosen here
are only partially based on existing constraints, and are
otherwise somewhat arbitrary. Our motivation for set-
ting a benchmark window — rather than simply an up-
per bound — is to allow us to demonstrate in a clearer
fashion how the projected B-field sensitivity of IAXO
is dependent on the size of the field normalization. In
that spirit we fix this window of values for all results
presented here.
C. Complementary measurements
All the measurements and inferences of the solar
magnetic field discussed so far suffer greatly from un-
certainties, and are sometimes drawn under different
assumptions. Therefore a direct measurement, or even
just a complementary constraint on the strengths of
these fields would be highly sought-after. We predict
that the sensitivity of IAXO may easily overcome any
other probes of the strength of B.
In particular, around the core of the Sun r . 0.09 r,
where helioseismology looses accuracy, one can con-
sider bounds from the 8B neutrino flux. The presence
of a magnetic field modifies the pressure inside the star
with an additional pmagnetic = B2/8pi; this implies a
change in the gas temperature δT/T ∼ pmagnetic/pgas.
The neutrino flux from 8B decay is very sensitive to
the core temperature (as the flux scales as T24±5c [111]),
which leads to the upper limit [102]
Bcore . 2× 108 G . (15)
Since this field is considerably stronger than the value
we assumed in examples presented so far for the radia-
tive zone normalization, we can already see that solar
axions could provide a much stronger bound than neu-
trinos.
Possibly the most novel aspect of the solar axion
LPlasmon flux is its direct dependence on the radial
profile of the field, something which is not immediately
accessible with other techniques. Moreover, the solar
axion flux at higher energies corresponds to smaller
radii, so measurements of the field in the core of the
Sun are in fact the least demanding of a detector’s en-
ergy resolution. In summary, the LPlasmon flux should
be an ideal tool to measure the magnetic field in the
central regions of the Sun and would be highly com-
plementary, as we will demonstrate quantitatively in
Sec. VI.
D. Angle and time dependence
In Eq.(10) we assumed spherical symmetry for the so-
lar magnetic field. Given that a more realistic topology
for the field is likely to be toroidal, we should check the
effect this has on the LPlasmon flux.
To determine this, we go back to Eq.(9) and leave in-
complete both the angular integral over the magnetic
field and the wave vector of the emitted axion and the
volume integral over the Sun. Instead we can write
down the rate of axion emission from a particular point
in the Sun
dNax
dt dωdV
=
∫ dΩk
(2pi)3
g2aγB2‖ω
2
eω/T − 1
pi
2
δ(ω−ωp(r)) (16)
=
g2aγB(r, θ)2ω2δ(ω−ωp(r))
16pi2(eω/T(r) − 1)
∫
dΩk(kˆ · Bˆ)2 .
The remaining delta function will be used to integrate
over the volume of the Sun. We now assume that the
magnetic field has a toroidal configuration, like Eq.(11)
which was in the form: B = B(r, θ)eˆ(φ). Adopting
heliocentric Cartesian coordinates and using spherical
angles (θ, φ) for the magnetic field and (θk, φk) for the
axion, we can write,
Bˆ = eˆφ = (− sin φ, cos φ, 0) ,
kˆ = (sin θk cos φk, sin θk sin φk, cos θk) ,
⇒ kˆ · Bˆ = sin θk sin(φk − φ) . (17)
As we are interested in the flux passing through IAXO,
we can treat the Sun as pointlike and only worry about
a very small range of angles, θ⊕ < θk < θ⊕ + δ where
θ⊕ is heliocentric polar angle position of the Earth. The
small angle we need to integrate over is δ ≈ d/r⊕ where
d is some small test distance in the polar direction (for
example, the size of IAXO). This defines a cylindrical
surface for the flux to pass through of height d and ra-
dius r⊕ sin θ⊕. Integrating over the full azimuthal angle
will allow us to simplify the problem via the circular
symmetry of the magnetic field, which ensures that any
point on the cylinder will experience the same flux.
The azimuthal part of the solid angle integral in
Eq.(16) is simply,∫
dφk (kˆ · Bˆ)2 = pi sin2 θk, (18)
8which can then be integrated over the polar angle,∫
dΩk(k · Bˆ)2 = pi
∫ θ⊕+δ
θ⊕
dθk sin
3 θk
≈ piδ sin3 θ⊕
=
pid
r⊕
sin3 θ⊕ . (19)
Now we can write down the differential flux at
Earth by considering the fact that the axions from
a given (r, φ, θ) will be emitted over a surface
S = d × 2pir⊕ sin θ⊕:
dΦLP
dωdV
(r, φ, θ) =
1
S
dNax
dt dω dV
(20)
=
sin2 θ⊕
32pi2r2⊕
g2aγB2(r, θ)ω2
(eω/T(r) − 1) δ(ω−ωp(r)),
We then finally integrate over the solar volume to get
the final flux we will use,
dΦLP
dω
=
∫

d3r
dΦLP
dωdV
(r, φ, θ) . (21)
Compared to the spherically symmetric assumption
Eq.(10), the toroidal configuration gains us a factor of
3 sin2 θ⊕/2 due to the preferential emission towards the
Earth which orbits approximately above the solar equa-
tor sin θ⊕ ≈ 1.
But while sin θE ≈ 1 is approximately true, the Sun’s
rotation axis is in fact slightly tilted from the ecliptic
by 7.25◦. Because of this we expect that the LPlas-
mon flux from a toroidal field will modulate by ∼ 1.6%
biannually. We show this modulation in Fig. 4. We
have calculated θ⊕(t) by first taking the right ascen-
sion and declination of the ecliptic as a function of
time, (αecl(t), δecl(t)), and then computing the angle be-
tween this plane and the solar north pole: (αNP , δNP ) =
(286.13◦, 63.87◦). The modulation caused by sin2 θ⊕(t)
is shown as a dashed line in Fig. 4.
However another source of time dependence that will
affect both Primakoff and LPlasmon fluxes is an addi-
tional ∼ 7% annual modulation due to the change in
the distance between the Earth and the Sun because of
the Earth’s orbital eccentricity:
1
r2⊕(t)
=
1
(1 AU)2
[
1+ 2e cos
(
2pi(t− te)
T
)]
(22)
where e = 0.016722 and T = 1 year and te = 3
days relative to Jan 1. This source of time depen-
dence is known with effectively negligible uncertainty
so could be safely accounted for in some modulation
analysis. Such an analysis may be of great interest
since this time dependence would allow the experi-
ment to access angular information about the magnetic
field. For instance a measurement of the size of the
modulation with respect to the total average LPlasmon
flux would constrain the ratio between the toroidal and
poloidal components of the field. If the magnetic field
was highly poloidal for example, almost all the axions
would be emitted away from the equatorial plane, lead-
ing to a large suppression of the signal. Since the modu-
lation of a toroidal field is only a percent level effect we
expect to need probably around 100 times more events
from the LPlasmon flux than would be needed to ini-
tially measure the flux, so would only be possible for
relatively large values of gaγ. Nevertheless it could be
of great interest post-discovery and we leave a detailed
exploration of this to future work.
Before proceeding we reiterate here for clarity that
our computation of the LPlasmon flux now differs from
Ref. [53] and accounts for the Legendre polynomial
form for the polar angle dependence of B(r, θ) as well
as the preferential equatorial emission of axions. This
leaves us with an additional factor of,〈(
d
dθ
P2(cos θ)
)2〉
cos θ
× 3
2
〈sin2 θ⊕〉t ≈ 1.8 (23)
which we multiply Eq.(10) by.
IV. IAXO
A. Helioscope formalism
The next step is to take the fluxes we have written
down and use them to calculate the signal from the
back-conversion of the solar axions into photons inside
a laboratory magnetic field. The standard design of
a helioscope consists of a long magnetic bore pointed
at the Sun with a collecting photodetector at one end.
Since the setup relies on two instances of axion-photon
conversion, the signal is ultimately proportional to g4aγ
for the Primakoff and LPlasmon fluxes. The expected
number of photons reaching a detector placed at the
end of the helioscope of length L is given by the inte-
gral,
Nγ = S t
∫
dω εD(ω)εT(ω)
(
dΦP
dω
+
dΦLP
dω
)
Pa→γ(ω) ,
(24)
where S is the total cross-sectional area of the helio-
scope, and t is the measurement time (given by the total
experimental duration multiplied by the experiment’s
duty cycle of around 50%). We allow for two efficiency
functions describing the detector (εD) and the telescope
itself (εT).
When the magnet bores are filled with a vacuum, the
axion-photon conversion probability has the form,
Pa→γ(ω) =
(
gaγBlab
q
)2
sin2
(
qL
2
)
, (25)
where Blab is the helioscope’s applied magnetic field,
and q = m2a/2ω is the axion-photon momentum trans-
fer. The conversion probability is maximized when the
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FIG. 4. Percentage modulation in the Primakoff and LPlasmon signals over one year. The modulation of the Primakoff signal
is due solely to the changing Earth-Sun distance, whereas the LPlasmon flux modulates with distance and the position of the
Earth with respect to the solar equator. Because of the toroidal shape of the magnetic field, axions from LPlasmon conversion
are preferentially emitted from the equator. The LPlasmon flux therefore modulates biannually and is a maximum when the
ecliptic plane crosses the solar equatorial plane — the modulation due to this effect alone is shown as a dashed line.
babyIAXO IAXO IAXO+
Magnetic field Blab [T] 2.5 2.5 3.5
Magnet length L [m] 20 20 22
Number of bores nB 2 8 8
Total aperture area S [cm2] 0.77 2.26 3.9
Measurement time t [years] 1.5 3 5
Telescope efficiency εT 0.7 0.8 0.8
Detector efficiency εD 0.35 0.7 0.7
Detector area Adet [cm2] 2× 0.3 8× 0.15 8× 0.15
Background Φbg [keV−1 cm−2 s−1] 10−7 10−8 10−9
TABLE I. Experimental parameters for the three stages of IAXO: the prototype babyIAXO, the baseline IAXO and the upgraded
IAXO+.
axion’s mass is negligible, or at least very small, and
the interference patterns caused by the mismatch in
the axion and photon dispersion relations take place
over scales much longer than the magnet length. In the
above equation this is when qL < pi. For L ∼ 20 m, this
coherent conversion condition holds up until around
ma ∼ meV. For larger masses the signal suffers from
rapid oscillatory features which ultimately suppress the
total rate of photon production. Helioscopes operating
in a vacuum mode therefore steeply lose sensitivity to
large axion masses.
This is unfortunate since for CAST and IAXO these
masses correspond to QCD models. So to rescue the
experimental sensitivity at higher masses the coherence
condition must be somehow recovered. This can be
achieved by filling the bore with a buffer gas such as
4He or 3He. The new medium provides an effective
photon mass mγ =
√
4piαne/me, which for an appro-
priate choice of electron density can be made equal to
ma, thereby matching the photon and axion dispersion
relations. When this occurs, the axions and photons re-
main in phase along the magnet length and the signal
is amplified again.
In the buffer gas regime, the conversion probability
is instead [10],
Pa→γ =
(
gaγB
2
)2 1
q2 + Γ2/4
×
(
1+ e−ΓL − 2 e−ΓL/2 cos(qL)
)
, (26)
where the momentum transfer is now,
q = |m2a − m2γ|/2ω, and Γ is the inverse ab-
sorption length for photons in the buffer gas. A search
over a range of ma can then be performed by tuning the
photon mass, which in practical terms means tuning
buffer gas pressure, p. For our purposes it is sufficient
to approximate the inverse absorption length and
photon mass with an empirical formula found from a
10
fit [112] to x-ray mass-attenuation-coefficient data on
4He [113],
Γ ≈ 0.29 p(mbar)
ω(keV)3.1 Tgas(K)
m−1 (27)
mγ ≈
√
0.02
p(mbar)
Tgas(K)
eV . (28)
B. Experimental parameters
The numerical values we adopt for the experimental
parameters entering Eq.(24) are summarized in Table I.
For the baseline IAXO, we use the configurations an-
ticipated in the conceptual design report [44, 45] which
assumes eight bores (total S = 2.26 m2) and a 6 year to-
tal data-taking time (including both vacuum and buffer
gas runs). We also show the expected parameters for
the prototype “babyIAXO” and the upgraded version
named “IAXO+”.
The collaboration is considering several detector tech-
nologies for the focal planes of the telescope, opti-
mized for energies between 10 keV down to well be-
low 1 keV. Several promising proposals are under in-
vestigation such as the well-established micromegas,
with ∼ 200 eV resolutions [64, 65], as well as metal-
lic magnetic calorimeters which have demonstrated a
full width at half maximum resolution of ∼2 eV [66].
We implement the effect of the energy resolution in our
calculations by convolving Eq.(24) with a Gaussian of
width Eres. The energy threshold is also assumed to
be equal to Eres. Following Refs. [44, 45] we assume
the telescope and detector efficiency functions are flat
in energy, with εT = 0.8 and εD = 0.7 respectively.
C. Signal spectra
In the left hand panel of Fig. 5 we show the resulting
photon spectra for both the Primakoff and LPlasmon
fluxes. We assume an energy resolution of 10 eV, so only
the LPlasmon flux from the radiative zone is visible. In
fact for this mass range the additional number of events
due to this flux can be quite large: between 24800–300
for ma = 1–6 meV and gaγ = 5× 10−11 GeV−1. Notice
also that the different spectra for different masses di-
verge from each other only at energies below ∼ 500 eV,
precisely where the LPlasmon flux is amplifying the
signal. This observation will be relevant later when
we discuss how the LPlasmon flux can enhance IAXO’s
ability to measure the value of ma in its vacuum mode.
On the right hand panel of Fig. 5 we show a set of
spectra for the buffer gas mode. Here we fix the axion
mass at ma = 10−1 eV and instead vary mγ between
0 and ma, effectively varying the pressure between a
vacuum and pmax: the maximum pressure required to
restore the axion-photon dispersion relations. When
ma = mγ the total number of photons is maximized,
and with decreasing pressures (lower mγ) the spectrum
is suppressed. However not all of the spectrum is sup-
pressed evenly by the axion-photon interference, in fact
the lowest energy components are enhanced as the pres-
sure is lowered down to a zero.
The origin of this peculiarity can be understood
by considering the energy dependence of Pa→γ(ω) in
Eq.(26). For a given value of ma and a pressure some-
where in between zero and pmax, the probability will
scale with ω2 at very low energies, and then as ω6.2 at
higher energies (because of the energy dependence of
Γ). The regimes cross over when q2 ∼ Γ2/4, at an en-
ergy ωcross ∝ p1/2.1. So for accessing features at very
low energies, it is more favourable to have ωcross be
lower so that the desired part of the spectrum is in the
regime ω > ωcross where P ∼ ω2. For the sub-100 eV
spectrum, the vacuum setting is optimal, even for large
axion masses. This is why the dashed lines on the right
hand of Fig. 5 continue to rise at low energies as the
pressure is decreased, even as the high energy part of
the spectrum becomes suppressed by oscillations. The
oscillations begin at ωosc which corresponds to when
exp (−ΓL) ∼ 2 exp (−ΓL/2) in Eq.(26). Over all axion
masses ωosc > ωcross.
These arguments inform to us that even though the
buffer gas mode is essential for discovering the higher
mass axions, a low pressure or vacuum mode is still
desirable for studying very low energy components like
the upper layers or the tachocline. The radiative zone is
in an intermediate energy range and the pressure must
be chosen so that ωcross . 20 eV and ωosc & 300 eV.
D. Background
The background level in the IAXO detectors is
expected to be extremely low at around 10−8 to
10−9 cm−2 s−1 keV−1 [44, 45], amounting to only a
few counts in the signal region of interest over the full
data taking campaign. The number of events due to the
background is given by,
Nbg = Adett(Emax − Eres)Φbg (29)
where the total detector area is Adet and Φbg is the es-
timated background flux (both given in Table I). We
assume that the background does not depend on en-
ergy. This assumption is justified from an experimental
standpoint [45]; it is also unlikely that our results will
be sensitive to it either, since there are no background
sources that would mimic an axion signal.
E. Search strategy
The precise search strategy envisaged for IAXO has
not yet been finalized. In principle there are many po-
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FIG. 5. Photon spectra in IAXO over a range of axion masses in the vacuum mode (left) and for a single mass but a range of
pressures in the buffer gas mode (right). The solid lines show the contribution to the signal from the Primakoff flux alone, and
the dashed lines indicate the upper bound of the contribution from the LPlasmon flux assuming the seismic solar model. For
the left hand panel we have selected a particular small range of masses for which the additional flux raises the small differences
between the spectra. Over this range, the LPlasmon flux provides an additional discriminant on the value of ma; which would
require a much higher value of gaγ to measure otherwise. On the right hand panel we express the pressure settings in terms
of mγ/ma. The indigo line, mγ = 0, is equivalent to a vacuum, and the red line, mγ = ma, is equivalent to pmax: the pressure
that maximizes the overall signal. Notably, the lowest energy part of the spectrum is amplified rather than suppressed as the
pressure is decreased, we discuss this subtlety further in the text. On the left we assume a realistic energy resolution of 10 eV,
and on the right we assume a much more optimistic 1 eV which allows us to display the spectra from the solar B-field all the
way up to the upper layers.
tential options which could target certain mass ranges.
To have some concreteness, we have simply imple-
mented a search strategy which attempts to replicate
the most recent published projections made by the
IAXO collaboration [52]. We assume that a 6 year total
data-taking time is split evenly between three phases:
• Vacuum phase: fixed vacuum pressure mode
with no scanning, sensitive to the full range of
axion masses, but with a loss in sensitivity above
∼ 10−2 eV.
• Intermediate buffer gas phase: scanning over lin-
early spaced pressures between p = 0.036 and
0.44 mbar. This gives approximately horizontal
sensitivity to gaγ over a range of axion masses
that bridges the gap between the KSVZ line at
2× 10−2 eV and the DFSZ II line at 7× 10−2 eV.
• High mass buffer gas phase: pressure values be-
tween p = 0.44 and 2.916 mbar that are spaced
proportionally to 1/p. This maintains DFSZ II
sensitivity between 7× 10−2 and 1.8× 10−1 eV.
Helium-4 begins to condense above 16.405 mbar at
Tgas = 1.8 K, corresponding to maximum mass for the
buffer gas phase of ma ≈ 0.4 eV. Fortunately QCD ax-
ions above this mass are already excluded by a stellar
evolution bound using horizontal branch stars in glob-
ular clusters [114]. So we do not need to worry about
switching the buffer gases to 3He, as was the case with
CAST [40].
For our analysis we will assume that the data from
the three phases are combined and analyzed jointly.
The respective sensitivities of each are thereby allowed
to overlap. Our reproduction of IAXO’s sensitivity is
shown in Fig. 6. The statistical approach we have used
to derive this limit is explained in the next section.
V. STATISTICAL METHODOLOGY
Our statistical methodology is based on a frequentist
profile likelihood ratio test between a null and alterna-
tive hypothesis, H0,1. In order to use asymptotic limits
for likelihood ratios, we will assume that H0 is nested
within a more general H1. Furthermore, to facilitate the
later use of Asimov data, we adopt a binned likelihood
for the model, L which is the product of Poisson prob-
ability distribution functionsP for Nobs photons, given
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FIG. 6. Expected 95% CL exclusion limit projected for IAXO,
as calculated via our profile likelihood ratio test. We show the
result from a toy Monte Carlo simulation of the test on mock
data (black line) as well as the result using Asimov data (red).
The projection is roughly equivalent to a constant expected
event number line for Nexp = 7 (shown as a green line). In
this plot and subsequent ones we also show the relevant ex-
isting constraints on gaγ. Experimental constraints are shown
in dark red and include the results from CAST [42] and dark
matter axion haloscopes [16–18, 22, 25, 27, 28, 31]. Astrophys-
ical constraints are shown in green: the stellar bound from
horizontal branch stars in globular clusters [114], and a re-
cent indirect dark matter search with radio observations of
neutron stars [115].
an expected number Nexp, for each of the Nbins bins:
L =
Nbins
∏
i=1
P
[
Niobs
∣∣∣∣Niexp(ma, gaγ, B) + Nibg(Φbg)] .
(30)
The expected number of photons Nexp in bin i is ob-
tained by (1) calculating the full spectrum using Eq.(24);
(2) applying the Gaussian energy resolution kernel with
width Eres; and then (3) integrating the convolved spec-
trum over the i-th bin. Throughout we assume that the
background level is flat and that Nibg is given by Eq.(29)
but with the energy interval replaced by the bin width.
First, to calculate IAXO’s projected exclusion limit
on gaγ, we define a test statistic using the likelihood
ratio — at fixed values of ma and magnetic field pa-
rameters B — which tests for H1 when gaγ > 0 (sig-
nal+background) against H0 which has gaγ = 0 (back-
ground only),
q(ma) = −2 ln
[
L (ma, 0,B, ˆˆΦbg)
L (ma, gˆaγ,B, Φˆbg)
]
.
Where theˆparameters are the maximum likelihood es-
timators (MLEs) under H1 and the ˆˆ parameters are the
MLEs under H0. Parameters without hats are fixed.
The asymptotic distribution of q under H0 is a “half-chi-
squared” distribution: 12δ(0) +
1
2χ
2
1, according to Cher-
noff’s theorem [116] — a special case of Wilks’ theo-
rem [117] that is applied when testing for a parameter
at the boundary of its allowed space (see e.g. Ref. [118]
for more discussion of this distinction). To calculate the
expected 95% CL exclusion limit that could be set on
gaγ by IAXO, we perform Monte Carlo simulations us-
ing mock datasets to obtain the distributions of q under
H0,1.
While doing this, we can also validate an asymptotic
limit of the test using Asimov data, which might free us
of performing more Monte Carlo simulations. Asimov
data is the name given to a set of mock data which ex-
actly matches the expectation, i.e. Niobs = N
i
exp + Nibg
over all bins. When performing the likelihood ratio
test on the Asimov dataset, the resulting value of q
quickly approaches the median of the true distribu-
tion as the number of (signal or background) events in-
creases [119]. Although this approximation only holds
exactly in the limit of high statistics, a reasonable es-
timate of the median q is reached even for relatively
low numbers of events O(10). In order to infer the sig-
nificance of the Asimov result without generating the
correct distribution of q under H0 we can use another
asymptotic limit: the significance of a particular test re-
sult q∗ under H1 is approximately
√
q∗. Since the null
distribution is a half-chi-squared, a confidence level of
95% (p value of 0.05) corresponds to
√
q∗ = 1.64.
In Fig. 6 we show our estimation of the expected one-
sided 95% CL exclusion limit that could be set by IAXO.
With a black line we show the result from the full Monte
Carlo simulation of the null and alternative distribu-
tions of q, assuming no asymptotic results. Then as
a red line we show the Asimov approximation which
obtains extremely good agreement. We also show the
expected 1 and 2σ containment of the median 95% CL
exclusion limit which can also be obtained straightfor-
wardly with the Asimov dataset. For reference we also
show in green a contour of values of (gaγ, ma) for which
the expected number of events is Nexp = 7. Since the
spectral shape of the axion signal does not change much
with mass, the exclusion limit is roughly (though not
precisely) the same as a constant event number contour.
All of our remaining results in the next section are ob-
tained in a very similar way. For example we can find
the projected limits for the axion mass by floating ma in
Eq.(V) and testing for the hypothesis of ma > 0 against
the case ma = 0. The validity of Chernoff’s theorem and
the Asimov dataset for this exact scenario were already
validated in Ref. [120].
We can also find projected limits for the exclusion of
nonzero values of any parameter in B describing the
B-field in the same way. To have the O(> 10) events
needed to measure the LPlasmon flux, one will neces-
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FIG. 7. IAXO’s expected sensitivity to a 3σ acceptance of
a nonzero axion mass for two different assumptions for the
incoming axion flux. The signal becomes increasingly insen-
sitive to the value of ma below 10−2 eV, but when the low en-
ergy LPlasmon flux is included (dashed line), the additional
events at low energies means the mass can be discriminated
from zero down to lower values. We assume a benchmark
magnetic field which lies in the middle of our window of
models, Eq.(14). We also show for comparison IAXO’s pro-
jected 95% CL sensitivity to gaγ from Fig. 6.
sarily also have many more events from the Primakoff
flux. So it is safe to assume that the Chernoff and Asi-
mov assumptions will be valid here too.
VI. RESULTS
A. Axion mass sensitivity
One of the challenges faced by helioscope experi-
ments is the measurement of the axion mass. Ax-
ion masses in the buffer gas regime are straightfor-
wardly measurable because the signal is maximized
when the effective photon mass (given by the gas pres-
sure) matches the axion mass. On the other hand, ax-
ions lighter than an meV are essentially indistinguish-
able from being massless. So the axion mass is not
a determinable parameter for much of the parameter
space. However there is an intermediate regime as dis-
cussed in Ref. [120] where the oscillatory features that
are present in the signal for ma & meV could be used
as a handle on the axion mass. This allows IAXO to
extend its sensitivity to a nonzero ma down to around
10−2 eV. For masses below this, the part of the pho-
ton spectrum that contains information about the axion
mass gets rapidly pushed below any semi-realistic en-
ergy threshold. In light of the low energy LPlasmon
flux however we now have an additional source of sig-
nal at very low energies. This means that the axion
mass discrimination should be possible to lower masses
than when only the Primakoff flux is accounted for.
In Fig. 7 we show IAXO’s sensitivity to a nonzero
value of the axion mass. We do this by calculating ex-
pected discovery limits for a 3σ acceptance of ma > 0
in 50% of experiments. We compare the mass discov-
ery limit under the assumption of solely the Primakoff
flux (solid line), with the same limit assuming both the
Primakoff and LPlasmon flux from the seismic solar
model. We see that indeed the axion mass sensitiv-
ity can be pushed down to masses almost an order of
magnitude lower. The axion mass sensitivity is also im-
proved in the buffer gas mode. Although the LPlasmon
flux is a negligible increase in signal for these masses,
because we conduct the test against the massless hy-
pothesis which does have a sizeable signal from the
LPlasmon flux, the mass discrimination requires fewer
overall events.
This increase in sensitivity assumes that the LPlas-
mon flux is accounted for. Therefore this result is model
dependent. Nonetheless, the distinction between the
limits for the two different flux assumptions is still rel-
evant: it tells us that the massless axion hypothesis
looks significantly different to the massive case when
the LPlasmon flux is present. The LPlasmon flux is cer-
tainly going to be present since the Sun must have a
magnetic field. So whichever model is assumed, the
mass discovery will always require fewer overall events
than has been considered in the past.
B. B-field sensitivity
In Fig. 8 we show the sensitivity of IAXO to the three
regions of the solar magnetic field profile individually.
For completeness we assume an energy resolution of 2
eV here so that we can show results for the magnetic
field of the upper layers. The sensitivity to the radiative
zone and the tachocline are generally unaffected by this
choice as long as we use values Eres . 30 and 10 eV
respectively.
The sensitivities plotted here are the projected me-
dian 95% CL exclusion for a nonzero value of the mag-
netic field. Where each set of curves corresponds to
testing for Brad, Btach or Bupper individually. Since these
regions do not overlap in energy, when testing for one
field normalization, we can simply ignore the spectrum
from the other two.
A particular sensitivity line on these plots corre-
sponds to a particular value of magnetic field strength
normalization and should be interpreted in the follow-
ing way: if the assumed magnetic field strength used
to make the limit is say, B1, then IAXO is can constrain
all values of B > B1 at 95% CL for all axion masses
and couplings lying above the sensitivity line drawn.
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FIG. 8. Median sensitivity at 95% CL to a nonzero value of the magnetic field in the three main regions we study here: the
radiative zone, tachocline and the upper layers. The shaded regions show the sensitivities over the range of field strengths in
Eq.(14). The left and right hand panels correspond to two possible data-taking campaigns. The left hand panel corresponds
to the “pre-discovery sensitivity”, which is the B-fields that could be constrained with an exposure the same duration as the
planned axion search with IAXO (with an extended 6 year duration indicated with a dashed line). On the other hand the right
hand panel shows the “post-discovery sensitivity” which corresponds to a scenario in which the axion is detected and then
IAXO continuously observes the solar axion flux for 6 years with the optimum pressure setting. The dashed line in this case
corresponds to the improvement in the lower edge of the shaded regions when we assume the experimental parameters of
IAXO+.
The shaded regions correspond to the same range of
assumed field normalizations as shown in previous fig-
ures.
To fully demonstrate the full potential of IAXO we
define two different strategies for the left and right
hand panels of Fig. 8. The left hand, “pre-discovery”
scenario corresponds to the B-field sensitivity of IAXO
with a 3 year (6 year for the dashed line) data-taking
exposure following the IAXO search strategy outlined
previously in Sec. IV E, and used in both Fig. 6 and 7.
That is to say: if IAXO detects the axion in its initial
search campaign, it will already have the sensitivity to
the solar magnetic profile as shown in the left hand
panel. The tachocline is therefore not observable in the
pre-discovery scenario, but for a large range of axions
with gaγ & 6× 10−12 GeV−1 constraints could be placed
already on the radiative zone’s magnetic field.
Measuring the solar magnetic field is truly part of the
post-discovery physics case for IAXO. So in the right-
hand panel we show enhanced sensitivities which as-
sume a 6 year data-taking exposure with either IAXO
or IAXO+, in which the buffer gas pressure is fixed to
the optimum value required to measure each compo-
nent of the B-field. For the radiative zone this optimum
value is the pressure for which ma = mγ, whereas for
the tachocline and upper layers a vacuum is the opti-
mum pressure over all masses.
This figure shows in greater detail the result shown in
Fig. 1. The radiative zone is easily within IAXO’s reach,
and could even be constrained well into the QCD axion
model band just above KSVZ. The tachocline is mostly
out of reach unless gaγ is only just below CAST. Such an
axion would be detected very soon into IAXO’s initial
campaign (and probably by babyIAXO), but it would
still take 6 years with an upgraded magnet to begin to
constrain the tachocline. We emphasize that we have
only fixed a benchmark data-taking exposure of 6 years
here, the sensitivity could continue to even smaller cou-
plings for a longer duration, scaling as gaγ ∼ t−1/4.
This kind of measurement therefore provides consider-
able motivation for continuing IAXO beyond its initial
discovery of the axion.
VII. CONCLUSIONS
In this paper we have aimed to determine the poten-
tial for axion helioscopes to serve a dual purpose as
instruments to measure the magnetic field of the Sun.
While there are already several ways to constrain the
Sun’s magnetic field — including both solar physical
measurements such as helioseismology, and astropar-
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ticle probes like solar neutrinos — there is no single
method to map the entirety of the field profile. Most
existing measurements of the field are limited over cer-
tain regions and often rely on a variety of modelling
assumptions.
Axions would therefore be a greatly welcomed new
handle on the solar magnetic field. Axions converting
from longitudinal plasmons at a given position inside
the Sun have an energy equal to the plasma frequency
at that position, and a flux proportional to the square
of the magnetic field. In other words, the number of
signal photons from axions converting back into pho-
tons inside a helioscope provides information about the
strength of the magnetic field, and the energies of those
photons provide a measure of the positions they origi-
nated from. Therefore a measurement of this flux of ax-
ions could be almost directly recast as a measurement
of the magnetic field profile.
We have centered our experimental configuration
around the baseline and upgraded versions of IAXO as
summarized in Table I. However the main uncertainty
regarding the final specification of IAXO is the energy
resolution of its detectors. Measuring the magnetic field
at larger solar radii requires smaller energy resolutions.
So we have framed our discussion around the resolu-
tion required to probe out to a certain solar shell. This
main result was presented in Fig. 1. If we assume the
most optimistic energy resolution of say metallic mag-
netic calorimeters ∼ 2 eV, we could expect IAXO or
IAXO+ to be sensitive to the inner 70% of the Sun and
potentially measure the field out to the tachocline. For
axions heavier than ∼ 10−3 eV the sensitivity steeply
declines as shown in the left hand panel of Fig. 8. In a
post-discovery campaign in which the pressure setting
could be optimized to focus on certain parts of the ax-
ion spectrum, we find that IAXO+ would be able to con-
strain the magnetic field of the radiative zone even for
couplings within the QCD axion band. This is shown
in the right hand panel of Fig. 8.
An interesting side effect of the longitudinal plasmon
flux is that it can improve IAXO’s ability to measure
the value of the axion mass, as shown in Fig. 7. This
result assumes that the flux from the radiative zone is
correctly modelled in our likelihood analysis, so the en-
hanced sensitivity is model dependent. Nevertheless,
the LPlasmon flux is guaranteed at some level as long
as the Sun has a magnetic field, which it demonstra-
bly does. Therefore the extra source of axions we have
studied here is not only beneficial with regards to mea-
suring the magnetic field but would also help us in de-
termining the axion’s properties. Moreover, this could
go beyond simply the mass: since the LPlasmon flux
is only dependent on gaγ, it could also help in distin-
guishing the axion-photon and axion-electron fluxes for
non-hadronic QCD axion models (see e.g. Ref. [121]),
though we have not explored that possibility here.
IAXO may also have sensitivity to the angular struc-
ture of the solar magnetic field, rather than just the ra-
dial profile. In Fig. 4 we showed that there is a 1.6%
biannual modulation present in the flux from a toroidal
magnetic field. We have calculated the time dependence
of this modulation over the year so that it can be of fu-
ture use. A more detailed exploration of how such a
modulation signal could be used to constrain the angu-
lar profile may reveal more of IAXO’s future potential
as a solar magnetometer. This would probably require
many more events to make use of than our benchmark
cases, and perhaps a helioscope even larger than IAXO.
Though in the event of a detection of solar axions this
expense might be much more easily spared.
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